The presented interferometer concept enables high-accuracy target displacement measurement in difficult accessible locations and the development of small fiber optic sensor to measure other physical parameters e.g. pressure, vibration, gravity force, etc.. Furthermore, this configuration is basically insensitive to disturbances to the lead fiber between the passive sensor head and the measurement system including the electro-optical parts and the detection interferometer. Two test setups are built and tested to demonstrate the feasibility of high-speed measurement up to 50 kHz, low system drift of ~0.5 nm over 500 s and a low displacement noise level down to 2.8 pm/√ Hz.
INTRODUCTION
In many fields of operation, high accuracy displacement sensor is required to enable high-precision production or system control, e.g. in the semicon industry and in scientific instruments. Several technologies are available for displacement sensing. Optical sensor has the advantage that for some configurations, the sensing head can be designed to be fully optical and hence not sensitive for Electro-magnetic interference (EMI). Optical interferometer is a well-known technology for high accuracy displacement sensing and is widely used in high-precision equipment, e.g. lithography machines. In comparison to other type of optical displacement sensing technologies e.g. confocal sensor and optical triangulation sensor, interferometer combines sub-nm resolution with potentially large working range which is determined by the coherence length L coh of the light source. Conventional interferometers use bulk optical components for beam delivery between the light source and the sensing head. This requires both stable alignments and high mechanical stability of all the parts. In the new generation, optical fibers are used to realize a flexible beam delivery between the light source and the sensor head, containing bulk optical components. A configuration of all fiber optic based interferometer for optical path change measurement is presented in 2005 [1] . High-speed target displacement measurement is demonstrated with sub-nm resolution. In this design, the sensor head consists of an all fiber based interferometer which is connected to the light source and detector using standard single mode fibers. In the all fiber configuration, no critical alignment between the components is required.
In this paper, a configuration of fiber optic interferometer with miniaturized sensor head for displacement measurement is demonstrated in which the fiber optic coupler in the sensor head for beam splitting and recombining is removed. This results in an extremely small and totally passive sensor head for displacement measurement in difficult accessible locations. Another application of this technology is the development of a small sensor which converts the physical parameters to be measured (e.g. pressure or acceleration) to a displacement of the construction in the sensor. The latter can be realized using special GRIN-lens technology/product. Even a GRIN lens with the same diameter as standard singlemode fiber is feasible [2] .
FIBER INTERFEROMETER CONFIGURATION
The main modules of the demonstrated fiber interferometer configuration are shown in I; Figure 1 . Design of the fiber interferometer.
The light source module operating at the 1550 nm wavelength window with proper coherence length (1) is connected via an optical circulator (2) and a lead fiber (3) with length L and attenuation α to the sensor head (5). The semi reflective mirror with a reflection coefficient R in the sensor head generates in reflection the reference beam (6). The fraction T of the light passing the semi reflective mirror is collimated by a lens in the sensor head to form the sensing beam (7). The target (8) at a distance z reflects a part of the sensing beam back to the sensor head (5) which couples the sensing beam with an efficiency η into the fiber (3). Both the reference beam (6) and the sensing beam (7) are transported by the lead fiber (3) back to the optical circulator (2) and redirect to the detection interferometer (9). The optical path between the optical circulator and the beam splitter (10) of the detection interferometer is L 1 with attenuation α 1 . For a beam with electric field E 0 starting from the optical circulator (2) and travelling through the lead fiber, the electric field E ref and E sens of the reference beam resp. the sensing beam at the input of the detection interferometer (9) can be described as:
Where ω is the frequency of the light and k=2π/λ in which λ is the wavelength of the light. The spectral bandwidth Δλ of the light is selected to have a coherence length L coh which is much smaller than z to avoid direct interference between the reference and the sensing beams in the sensor head. In the detection interferometer, the beam splitter ( In the interferometric signal, both the length L of the lead fiber and L 1 of the connection fiber are common mode and canceled out. Therefore, this system is insensitive to disturbances on the lead fiber. Using the calculation scheme for a symmetric 3x3 interferometer, the phase φ = k((L A -L B )-2z) can be determined from the three interference signals:
The path length difference L A -L B in the detection interferometer need to be stabilized by proper mechanical packaging of the detection interferometer for high accuracy calculation of φ and hence the target distance z. The required stability of the wavelength depends on (L A -L B )-2z. For an operational wavelength of 1550 nm, Δz/Δφ is 123 nm/rad.
TEST SETUPS AND RESULTS
Two test setups are built and tested. Setup #1 was realized with free space bulk optical components for the sensor head to demonstrate and verify the concept. Using commercial GRIN lens components, a miniaturized sensor head is built and tested. This type of sensor head is used in Setup #2 to demonstrate the drift and the phase noise of this concept. 
Setup #1 for feasibility demonstration
In Setup #1 for the feasibility demonstration, the 4% reflection on the fiber tip is used as the semi reflective mirror to generate the reference beam. The target mirror is mounted on a piezo actuator to generate a 500 Hz signal with 293 nm peak-peak displacement. The control voltage of the piezo actuator is reduced in steps of -10 dB to -40 dB. A measurement frequency of 50 kHz is used to demonstrate high-speed measurement. The measured 500 Hz target displacement as a function the attenuation is shown in Table 1 . The mechanical instability of Setup #1 using bulk components results in a phase noise of about +/-0.015 rad. For the scale factor Δz/Δφ = 123 nm/rad, this corresponds to a displacement noise of +/-2 nm. Due to this displacement noise, the target mirror displacement for -40 dB attenuation cannot be determined accurately. For the demonstration of the noise level of this interferometer configuration, Setup #2 with improved mechanical stability is used.
Setup #2 for drift and noise measurement
The drift and noise level measurement are performed with Setup #2. The light source module is a combination of an ASE light source with an athermal FBG to minimize wavelength variations. The bandwidth of the FBG is 1.7 nm. A miniaturized sensor head is realized with COTS components to achieve high mechanical stability (see Fig. 2 ). Both the sensor head and the target are optimized and shielded to prevent thermal induced changes in z. The detection interferometer with L A -L B =7.3 mm is packaged in an aluminum box to isolate both mechanical and thermal disturbances. A 500s drift measurement is performed with a frequency of 20 Hz. The visibility V of the interference signal is 0.24. The phase change measured by the interferometer system is shown in Fig. 3(a) . For a scale factor Δz/Δφ of 123 nm/rad, the phase change of ~4 mrad over 500 s showed in Fig. 3(a) corresponds to a drift in the target position measurement of ~0.5 nm. The FFT spectrum of the measured phase ( Fig. 3(b) ) shows the phase noise is dominated by the low frequency drift below ~1 Hz. The phase noise level for frequencies > 5 Hz is flat and equal to -120 dB rad. For the calculation of the normalized phase noise per 1 Hz bandwidth, this number has to be corrected by the frequency bandwidth of 0.002 Hz for this measurement. The correction factor is (0.002) 1/2 = 27 dB. The normalized phase noise is calculated to be -120+27 = -93 dB rad/√Hz. Using the scale factor of 123 nm/rad, this corresponds to a normalized displacement noise level of -51 dB nm/√ Hz (= 2.8 pm/√ Hz). 
CONCLUSIONS
The design of a fiber interferometer displacement sensor with a miniaturized sensor head is presented and test setups are built to demonstrate the feasibility of high-speed measurement and high-sensitive performance. This demonstrated displacement sensor with a small passive sensor head can be used in highly demanding applications such as semicon equipment, nuclear fusion installations and for the development of space instruments.
